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High-performance electrically pumped light emitters on silicon have long been one of the most crucial devices yet to be achieved by monolithic electronicphotonic integration [1] . Investigations in this field include porous Si [2] , Si nanocrystals [3] , Er-doped Si or Si nanostructures [4, 5] , SiGe nanostructures [6] , GeSn [7] , ␤-FeSi 2 [8] , and hybrid III-V lasers on Si [9, 10] . Germanium-based materials on Si are particularly interesting for this application, since they have already been widely applied to advanced electronic devices such as strain-enhanced high mobility complementary metal oxide semiconductor (CMOS) transistors [11] , as well as integrated photonic devices such as waveguide-coupled photodetectors and electroabsorption modulators that are CMOS compatible [12, 13] . If a high-performance Ge-on-Si light source exists, all active photonic devices on Si can be realized using Ge, which greatly simplifies the monolithic electronic-photonic integration process. Germanium is a pseudodirect gap material, since the energy difference between its direct ͑⌫͒ and indirect ͑L͒ bandgaps is only 136 meV [14] . Recently, our theoretical analysis has indicated that Ge can be band engineered by tensile strain and n-type doping to achieve efficient light emission and optical gain from its direct gap transition within the third optical communication window ͑approximately 1520-1620 nm͒ [15] . Indeed, direct-gap photoluminescence (PL) [16, 17] and electroluminescence (EL) [18] at room temperature have already been demonstrated from these band-engineered Ge-on-Si materials. In this Letter, we report the first (to our knowledge) experimental observation of optical gain in the wavelength range of 1600-1608 nm from the direct gap transition of n + tensile-strained Ge on Si at room temperature under a steady-state optical pumping of ϳ7.0 kW/ cm 2 . An optical gain coefficient of ϳ50 cm −1 was achieved at 1605 nm. These experimental results confirm that the band-engineered Ge on Si is a promising gain medium for monolithic lasers on Si.
Ge mesas with in situ phosphorous doping were selectively grown on Si by ultrahigh vacuum chemical vapor deposition (UHVCVD) using an SiO 2 mask layer. The details about this two-step growth method were reported earlier [19] . The samples were annealed by rapid thermal annealing at 780°C for 30 s to reduce the defect density [19] . The Ge layer was nearly fully relaxed at the growth and annealing temperatures, and tensile strain was accumulated upon cooling to room temperature owing to the large thermal expansion coefficient difference between Ge and Si [20, 21] . The thermally induced tensile strain in the Ge layer is 0.23% and the corresponding direct bandgaps from the maxima of light ͑lh͒ and heavy ͑hh͒ hole bands to the minimum of the ⌫ valley are E g ⌫ ͑lh͒ = 0.767 eV and E g ⌫ ͑hh͒ = 0.782 eV, respectively [21] .
To investigate the optical bleaching and the gain of n + tensile-strained Ge on Si, a pump-probe measurement was performed using the setup schematically shown in the inset of Fig. 1 . A 1480 nm cw pump laser and a tunable probe laser with an output wavelength range of 1510-1640 nm were coupled into a single-mode lens-tipped optical fiber through a wavelength division multiplexing (WDM) coupler. The light was incident on the front surface of the sample. A selectively grown n + Ge mesa with an area of 500 m 2 and an active doping level of n = 1.0 ϫ 10 19 cm −3 was used in this study. The SiO 2 mask layer for the selective growth naturally provides carrier confinement in the lateral direction to enhance the injected carrier concentration in the selectively grown Ge mesa. The Ge film grown on the backside of the Si wafer during the UHVCVD process was removed to simplify data analysis. The Ge layer on the front side was 870 nm thick. An InGaAs detector with an integration sphere was placed at the backside of the sample to collect the transmitted signal. To accurately measure the transmittance of the probe laser through the n + Ge-on-Si mesa, the probe laser was modulated at 500 Hz internally and a lock-in approach was adopted to record the transmitted probe laser signal only. This method achieves a Ϯ0.25% accuracy in the transmittance measurement of the probe laser, and to be more conservative we adopted an accuracy of Ϯ0.4% to reflect the upper limit of the transmittance measurement error in the data analysis. Compared with the commonly used pulse laser pumping in pump-probe measurements that emphasizes transient behavior, the optical bleaching measured under cw pumping in this case reflects the properties of the band-engineered Ge-on-Si sample at a steady-state injection level, which is more relevant to the real operation of laser devices.
The transmittance spectra of the sample under 0 and 100 mW optical pumping are shown in Fig. 1 . The effective pump power density at 100 mW is estimated to be ϳ7.0 kW/ cm 2 considering coupling loss at the fiber connectors and the effective absorption of the pump laser by the thin Ge layer. Without optical pumping, the transmittance starts to decrease dramatically at photon energies Ͼ0.767 eV owing to the onset of the direct gap absorption ͓E g ⌫ ͑lh͒ = 0.767 eV͔. Upon optical pumping, we observe that the transmittance at photon energies Ͼ0.767 eV significantly increases while the transmittance at photon energies Ͻ0.767 eV slightly decreases. These experimental results indicate that the bleaching of the direct gap absorption dominates the increase in the free-carrier absorption at photon energies above the direct bandgap upon optical pumping, while below the direct bandgap the increase in the free-carrier absorption dominates the change in transmittance.
To derive the absorption spectra of the sample under 0 and 100 mW optical pumping from the transmittance data in Fig. 1 , we use the transfer matrix method [22] and the Kramers-Kronig relation to solve both the real refractive index ͑n r ͒ and the absorption coefficient ͑␣͒ deterministically using an iterative self-consistent regression approach. We substitute the refractive index n r ͑͒ of bulk Ge [14] into the transfer matrix equation as a starting point to solve ␣͑͒ from the transmittance data, then we use the newly derived ␣͑͒ to obtain a corrected n r ͑͒ through the Kramers-Kronig relation. This process is iterated back and forth until self-consistency is obtained for both the transfer matrix equation of transmittance and the Kramers-Kronig equation. As an example, the derived absorption spectrum and refractive index spectrum of the tensile-strained n + Ge mesa on Si without optical pumping are compared with those of bulk Ge in Fig. 2 . The absorption edge is significantly redshifted owing to the bandgap shrinkage induced by the tensile strain [20, 21] . As a result, the refractive index is also notably modified compared with bulk Ge owing to the KramersKronig relation. Such a self-consistency approach guarantees a more accurate solution to the absorption coefficients than simply assuming bulk Ge refractive index for tensile-strained Ge in the transfer matrix calculation. In fact, the absorption spectrum derived here is in good agreement with a recent report on the absorption of tensile-strained Ge-on-Si films [23] . Figure 3 shows the derived absorption spectra of the n + Ge mesa sample under 0 and 100 mW optical pumping. The absorption coefficients at photon energies of Ͼ0.767 eV ͑Ͻ1617 nm͒ decrease significantly upon optical pumping. In particular, negative absorption coefficients corresponding to optical gain are observed in the wavelength range of 1600-1608 nm, as shown in the inset of Fig. 3 . The shape of the gain spectrum near the direct band edge of Ge resembles those of III-V semiconductor materials [22] . The maximum gain coefficient observed is ␥ =−␣ = 56± 25 cm −1 at 1605 nm. The error bars given here reflect the upper limit of the transmittance measurement error of Ϯ0.4%. Even with the most conservative estimate, a gain coefficient of Ͼ25 cm −1 at 1605 nm, which is equivalent to Ͼ100 dB cm −1 , is guaranteed. This gain coefficient is much greater than the waveguide loss in Si photonics (typically Ͻ10 dB cm −1 ) and can be applied to optical gain devices on chip. To our knowledge, this is the first time that optical gain has been observed from the direct-gap transition of Ge. This result indicates that bandengineered Ge can be applied as an optical gain medium for monolithically integrated lasers and optical amplifiers on Si. Further improvement in gain coefficients is expected with a higher n-type doping level and is supported by the trend in PL intensity enhancement [16, 17] . Increasing n-type doping in Ge is also expected to extend optical gain to the C band (1528-1560 nm) at Ͼ5 ϫ 10 18 cm −3 injection levels [15] .
In conclusion, we report the first observation of optical gain in epitaxial Ge on Si at room temperature by using tensile strain and n-type doping for band engineering. The optical gain has been observed in the wavelength range of 1600-1608 nm near the direct bandgap of the band-engineered Ge mesa on Si and a maximum gain coefficient of ␥ = 56± 25 cm −1 was observed at 1605 nm. This gain coefficient is much greater than the waveguide loss in Si photonics even with the most conservative estimate and can be applied to optical gain devices on chip. These results demonstrate the potential of band-engineered Ge as an optical gain medium for monolithically integrated lasers on Si.
This work was supported by the Si-based Laser Initiative of the Multidisciplinary University Research Initiative (MURI) sponsored by the Air Force Office of Scientific Research (AFOSR) and supervised by Gernot Pomrenke. Fig. 3 . Absorption spectra of the n + Ge mesa sample under 0 and 100 mW optical pumping. Negative absorption coefficients corresponding to optical gain are observed in the wavelength range of 1600-1608 nm, as shown in the inset. The error bars reflect the upper limit of the transmittance measurement error of Ϯ0.4%.
